Incremental Learning

Motivation

Data is continuously generated on the edge side. Traditionally, the data is collected manually and periodically retrained on the cloud to improve the model
effect. This method wastes a lot of human resources, and the model update frequency is slow. Incremental learning allows users to continuously monitor
the newly generated data and by configuring some triggering rules to determine whether to start training, evaluation, and deployment automatically, and
continuously improve the model performance.

Goals

Automatically retrains, evaluates, and updates models based on the data generated at the edge.

Support time trigger, sample size trigger, and precision-based trigger.

Support manual triggering of training, evaluation, and model update.

support hard sample discovering of unlabeled data, for reducing the manual labeling workload.

Support lifelong learning that reserves historical knowledge to avoid frequent re-training/ re-fine-tuning, and tackles samples uncovered in
historical knowledge base.

Proposal

We propose using Kubernetes Custom Resource Definitions (CRDs) to describe the incremental learning specification/status and a controller to
synchronize these updates between edge and cloud.

> kubectl get incrementaljob
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Use Cases

® Users can create the incremental learning jobs, by providing training scripts, configuring training hyperparameters, providing training datasets,
configuring training and deployment triggers.

Design Details

We use the j ob word to represent the Constantly Iterative Update tasks including the train/eval/deploy task.
There are three stages in a job: train/eval/deploy.

Each stage contains these below states:
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the eval is completed, switch to deploy

. Waiting: wait to trigger satisfied, i.e. wait to train/eval/deploy

Ready: the corresponding trigger satisfied, now ready to train/eval/deploy

. Starting: the corresponding stage is starting

. Running: the corresponding stage is running

. Failed: the corresponding stage failed

. Completed: the corresponding stage completed
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The | ncr enent al Lear ni ngJob CRD will be namespace-scoped. The tables below summarize the group, kind and API version details for the CRD.

Field

Group

IncrementalLearningJob

Description

edgeai.io

APIVersion | vlalphal

Kind

IncrementalLearningJob

Incremental learning CRD


http://edgeai.io
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Below is the CustomResourceDefinition yaml for | ncr enent al Lear ni ngJob:

api Versi on: api extensions. k8s.io/vl
ki nd: CustonResourceDefinition
net adat a:
nanme: increnentall earningjobs. edgeai.io
spec:
group: edgeai.io

nanes:
ki nd: I ncrenental Lear ni ngJob
plural: increnentall earningjobs
shor t Nanes:

- increnental job
-
scope: Nanespaced
versi ons:
- nane: vlal phal
subr esour ces:

# status enabl es the status subresource.

status: {}
served: true
storage: true
schena:
openAPI V3Schenma:
type: object
properties:
spec:
type: object
properties:
dat aset :
type: object
properties:
nane:
type: string
trai nProb:
type: nunber
nodeName:
type: string
outputDir:
type: string
initial Model :
type: object
properties:
name:
type: string




trai nSpec:
type: object
properties:
wor ker Spec:
type: object
properties:
scriptDir:
type: string
scriptBootFile
type: string
framewor kType
type: string
f ramewor kVer si on
type: string
paraneters
type: array
items:
type: object
properties:
key:
type:
val ue:
type:
trigger:
type: object
properties:
checkPeri odSeconds
type: integer
timer
type: object
properties:
start:
type:
end:
type:
condi tion:
type: object
properties:
operator:
type: string
enum
t hreshol d:
type: nunber
netric:

type:

string

string

string
eval Spec:
type: object
properties:
wor ker Spec:
type: object
properties:
scriptDir:
type: string
scriptBootFile
type: string
framewor kType
type: string
f ramewor kVer si on
type: string
par aneters
type: array
items:
type: object
properties:
key:
type:
val ue:
type:
depl oySpec:
type: object
properties:
nodel :
type: object
properties:
nane
type:
trigger:
type: object
properties:
checkPeri odSeconds
type: integer
tinmer
type: object
properties:

string

string

string

[">=", ">

string

string

ge

gt

eq","le","I't"]



start:
type: string

end:
type: string
condi tion:
type: object
properties:
operator:
type: string
enum [">=", >t et st et Mt Mget, "gt”, "eq”, "le", " t"]
t hreshol d:
type: nunber
nmetric:

type: string

st at us:
type: object
properties:

condi tions:
type: array
itens:
type: object
properties:
type:
type: string
st at us:
type: string
| ast ProbeTi nme:
type: string
format: date-tine
| ast Transi tionTi me:
type: string
format: date-tine
reason:
type: string
nmessage:
type: string
dat a:
type: string
st age:
type: string
startTi nme:
type: string
format: date-tinme
conpl eti onTi ne:
type: string
format: date-tine

active:

type: integer
succeeded:

type: integer
failed:

type: integer

addi ti onal Printer Col uims:

- nane: stage
type: string
description: The stage of the increnmental learning job
jsonPath: ".status.conditions[-1].stage"

- nane: status
type: string
description: The status of the incremental |earning job

jsonPath: ".status.conditions[-1].type"
- nane: Age
type: date

jsonPat h: .netadata.creationTi nestanp

Incremental learning job type definition

/1 +genclient
/1 +k8s: deepcopy-gen:interfaces=k8s.i o/ api machi nery/ pkg/ runti ne. Obj ect
/'l I'ncrenental Learni ngJob defines the incremental |earing job crd
type | ncrenental Learni ngJob struct {

netavl. TypeMeta “json:",inline""

met avl. Cbj ect Meta “j son: "netadata"’

Spec I ncr enent al Lear ni ngJobSpec “json:"spec"®
St at us | ncrenent al Lear ni ngJobStatus “json:"status"®

}

/11 ncrement al Lear ni ngJobSpec describes the details configuration of increnental

| earning job



type | ncrenental Lear ni ngJobSpec struct {

Dat aset I ncrenment al Dat aset " j son:"dataset"’

Qut put Di r string “json:"outputDir"®
NodeNane string “j son: "nodeNane""®
Initial Model Initial Model “json:"initial Model "
Tr ai nSpec Tr ai nSpec “json:"trai nSpec"®
Eval Spec Eval Spec “json:"eval Spec"”

Depl oySpec Depl oySpec j son: "depl oySpec""

}

/1 TrainSpec describes the train worker

type Trai nSpec struct {
Wor ker Spec Wor ker Spec " j son: "wor ker Spec"”
Tri gger Trigger “json:"trigger"®

}

/1 Eval Spec describes the train worker
type Eval Spec struct {

Wor ker Spec Wor ker Spec " j son: "wor ker Spec"”
}

/1 Depl oySpec describes the depl oy nodel to be updated
type Depl oySpec struct {

Model Depl oyModel " json: " nodel "*

Trigger Trigger “json:"trigger"®

}

/| \orker Spec describes the details to run the worker
type Worker Spec struct {

ScriptDir string “json:"scriptDir"’®
Scri ptBootFile string “json:"scriptBootFile"®
Fr amewor kType string “json:"framewor kType""
Fr amewor kVer si on string “json:"framewor kVersi on"”
Par anmet er s []ParaSpec "json:"paraneters"®

}

type Trigger struct {
CheckPer i odSeconds i nt “j son: "checkPeri odSeconds, oni tenpty""
Ti mer *Ti mer “json:"timer,omtenpty"”
Condi tion Condition “json:"condition"’

}

type Tinmer struct {
Start string “json:"start"®
End string “json:"end""

type Condition struct {
Qperator string “json:"operator"®
Threshol d fl oat64 “json:"threshol d"*

Metric string “json:"metric"®
}
type | ncrenental Dataset struct {

Nane string "json:"name"’

Trai nProb float64 "json:"trainProb""
}

type Initial Model struct {
Narme string "json:"name"®
}

type Depl oyModel struct {
Nane string "json:"nanme
}

/] +k8s: deepcopy-gen:interfaces=k8s.i o/ api machi nery/ pkg/ runti ne. Obj ect

/'l 1ncremental LearningJobList is a list of increnental |earning jobs.
type | ncrenental Lear ni ngJobLi st struct {

netavl. TypeMeta “json:",inline""
nmetavl. Li st Meta “json:"netadata"’
Items [11ncrenental Learni ngJob “json:"itenms""

}

/'l I'ncrenental Learni ngJobStatus represents the current state of a increnmental |earning job
type | ncrenental Learni ngJobStatus struct {

/1 The | atest available observations of a incrementl job's current state.

/1 +optional

Condi tions []Increnental Learni ngJobCondition "json:"conditions, omtenpty"’

/] Represents tinme when the job was acknow edged by the job controller.
/1 1t is not guaranteed to be set in happens-before order across separate operations.
/1 It is represented in RFC3339 formand is in UTC



/1 +optional

StartTime *metavl. Time “json:"startTime, omtenpty"’
/'l Represents time when the job was conpleted. It
/'l be set
/1 1t is represented in RFC3339 formand is in UTC

/'l +optional

Conpl etionTime *netavl. Time "json:"conpletionTine, onitenpty

is not gu

}

type I ncrenental StageConditionType string

/1 These are valid stage conditions of a job.

aranteed to

i n happens-before order across separate operations.

"Wai ting"

" Ready"
"Starting"
" Runni ng"

" Conpl et ed"
"Fai | ed"

const (
I ncr ement al St ageCondWai ti ng I ncrement al St ageCondi ti onType
I ncr ement al St ageCondReady I ncr enent al St ageCondi ti onType
I ncrenment al St ageCondStarting |ncrenental StageConditionType
I ncr emrent al St ageCondRunni ng I ncrement al St ageCondi ti onType
I ncr ement al St ageCondConpl et ed | ncrenent al St ageCondi ti onType
I ncr ement al St ageCondFai | ed I ncrement al St ageCondi ti onType

)

/1 1ncrenental Lear ni ngJobCondi ti on describes current state of a job.

type I ncrenental Learni ngJobConditi on struct {
/1 Type of job condition, Conplete or Failed.
Type | ncrenental StageCondi ti onType “json:"type""
/1 Status of the condition, one of True, False,
Status v1.ConditionStatus "json:"status"®
/1 Stage of the condition
St age | ncrenental Lear ni ngJobSt age " j son: "stage"®
/1 Last time the condition was checked.
/1 +optional
Last ProbeTi ne netavl. Tine “json:"|astProbeTi nme, onmitenpty""
/1 Last tine the condition transit fromone status to anoth
/1 +optional

Unknown.

er.

Last TransitionTime nmetavl. Time “json:"lastTransitionTinme, omtenpty""

/1 (brief) reason for the condition's last transition.
/1 +optional
Reason string “json:"reason, om tenpty"’
/1 Human readabl e nmessage indicating details about
/1 +optional
Message string “json:"nessage, ontenpty"”
/1 The json data related to this condition
/'l +optional
Data string “json:"data, omtenpty""
}

/1 1ncrenental Learni ngJobStage is a | abel
type Increnental Learni ngJobSt age string

for the stage of a job at

const (
I ncrement al Lear ni ngJobTrain | ncremental Lear ni ngJobSt age =
I ncrement al Lear ni ngJobEval I ncrement al Lear ni ngJobSt age =
I ncr ement al Lear ni ngJobDepl oy | ncrenent al Lear ni ngJobSt age =

)

Validation

last transition.

the current tinme.

"Train"
"Eval "
" Depl oy"

Open API v3 Schema based validation can be used to guard against bad requests. Invalid values for fields (example string value for a boolean field etc)

can be validated using this.
Here is a list of validations we need to support :
1. The dat aset specified in the crd should exist in k8s.

2. The nodel specified in the crd should exist in k8s.
3. The edgenode name specified in the crd should exist in k8s.

Incremental learning job sample


https://kubernetes.io/docs/tasks/access-kubernetes-api/custom-resources/custom-resource-definitions/#validation

api Versi on: edgeai . io/vlal phal
ki nd: I ncrenental Lear ni ngJob
net adat a:
nane: hel net - det ecti on-deno
spec:
i nitial Model :
name: "initial-nodel"
dat aset :
name: "increnental -dataset"”
trainProb: 0.8
trai nSpec:
wor ker Spec:
scriptDir: "/nodel _train/yolov3_algorithns/"
scriptBootFile: "train.py"
framewor kType: "tensorfl ow'
framewor kVersi on: "1.18"
par aneters:
- key: "batch_size"
val ue: "32"
- key: "learning_rate"
val ue: "0.001"
- key: "nmax_epochs"
val ue: "100"

trigger:
checkPeri odSeconds: 60
tiner:
start: 02:00
end: 04:00
condi tion:

operator: ">"
threshol d: 500
metric: numof_sanpl es
eval Spec:
wor ker Spec:
scriptDir: "/nodel _train/yol ov3_al gorithns/"
scriptBootFile: "eval.py"
framewor kType: "tensorfl ow'
framewor kVersion: "1.18"

depl oySpec:
nodel :
nane: "depl oy-nodel "
trigger:
condi tion:
operator: ">"
threshold: 0.1
metric: precision_delta

nodeNane: edgel
outputDir: "/hel net-detection/"

Controller Design

The incremental learning controller starts three separate goroutines called upst r eam downst r eamand i ncr enent al | ear ni ngj obcontroller.
These are not separate controllers as such but named here for clarity.

® incremental learning: watch the updates of incremental-learning job crds, and create the workers depending on the state machine.

® downstream: synchronize the incremental-learning-job updates from the cloud to the edge node.
® upstream: synchronize the incremental-learning-job updates from the edge to the cloud node.

Incremental Learning Controller



kubectl create
incremental job

—

The incremental-learning controller watches for the updates of incremental-learning jobs and the corresponding pods against the K8S API server.

Watch incremental
job updates

GC

>

<

Create train/eval
workers by pod
api

Watch Pod
updates

>

Update status of
incremental jobs

Incremen

tal lob

Updates are categorized below along with the possible actions:

Update Type
New Incremental-learning-job Created
Incremental-learning-job Deleted
The Status of Incremental-learning-job Updated

The corresponding pod created/running/completed/failed

Downstream Controller

kubect
create/delete
incremental job

_— >

Watch incremental

Action
Wait to train trigger satisfied
NA. These workers will be deleted by k8s gc.
Create the train/eval worker if it's ready.

Update the status of incremental-learning job.

§ job updates

Send updates

Edge Nodes

edgehub

LC



https://kubernetes.io/docs/concepts/workloads/controllers/garbage-collection/

The downstream controller watches for the incremental-learning job updates against the K8S API server.
Updates are categorized below along with the possible actions that the downstream controller can take:

Update Type Action
New Incremental-learning-job Created = Sends the job information to LCs.

Incremental-learning-job Deleted The controller sends the delete event to LCs.

Upstream Controller

Update
Incremental job
3 status Upstrea
m
Send status
cloudhub
Edge Nodes edgehub ]

ager

The upstream controller watches for the incremental-learning job updates from the edge node and applies these updates against the API server in the
cloud.
Updates are categorized below along with the possible actions that the upstream controller can take:

Update Type Action

Incremental-learning-job Reported State Updated | The controller appends the reported status of the job by LC in the cloud.

Details of api between GC(cloud) and LC(edge)

1. GC(downstream controller) syncs the job info to LC:

/1 POST <nanespace>/increnental | ear ni ngj obs/ <j ob- nane>
/1 body sane to the job crd of k8s api, omtted here.

2. LC uploads the job status which reported by the worker to GC(upstream controller):



/'l POST <nanespace>/increnental | ear ni ngj obs/ <j ob- nane>/ st at us

/1 \orker Message defines the message fromthat the training worker. It will send to GC
type Worker Message struct {
Phase string json:"phase"®
Status string “json:"status"’
Qut put *Wor ker Qut put " json:"output"®
}
/1
type Worker Qut put struct {
Model s [1*Model  “json:"nodel s"°
Taskl nfo *Tasklnfo “json:"tasklnfo""

}

/1 NModel defines the nodel information
type Model struct {
Format string “json:"format""®
URL string “json:"url™®
/1 Including the nmetrics, e.g. precision/recall
Metrics map[string]float64 "json:"nmetrics""

}

/| Tasklnfo defines the task information
type Tasklnfo struct {
// Current training round
Cur rent Round i nt “json:"current Round""
UpdateTime  string "json:"updateTinme""

The flows of incremental learning job

® Flow of the t r ai n stage

1. kubectl create 2. Watch
incremental job incremental job
creation

D —_ =
L Incremental
Job Controller

10. Create the
training worker
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3. Send new job 9. Ready to do
info to LCs training

11. Watch the training worker creation

> cloudcore

EdgeNode

edgecore

aining worker 4. Add ajob 8. Ready to do
training

Incremental
Job Mgmt

EdgeAl Lib

6. Put Igbeled data __. 7. Data monitored
-—

® Flow of the eval stage



4. Create the
evaluation worker
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10. Update the job
status
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Cloud
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8. Sync the
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* Flow of the depl oy stage

Update the job
status

GC

Incremental

Cloud

Edge

Job Controller

i

Sync the status
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EdgeNode

Inference Worke

EdgeAl Lib

deploy result

N
= 3 1 Overwrite model
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Evaluation Worker
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Workers Communication

No need to communicate between workers.
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